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A process is developed to prepare very dense TiO, layer using
magnetron sputtering at room temperature. It is found that the
film is amorphous in nature, offering faster electron transport,
reduced transfer resistance and better performance in electron
extraction from the perovskite absorber layer. It is these
superior electronic properties that makes it possible for us to
achieve 15.07% efficiency flexible perovskite solar cells, on
respectably large area >10 mm? It is the highest efficiency
reported to date for the flexible perovskite devices.

The perovskite solar cells, due to its low cost, high efficiency and
straightforward  architecture, are promising candidates to
revolutionize future photovoltaic markets.> In only a few years after
its invention, the power conversion efficiency (PCE) of the
perovskite cells has rapidly increased to ~20.1%,%"? thanks to the
strong light absorption, weakly bound excitons, long range charge-
carrier diffusion and apparent tolerance to defects.>*’ The electron
transport layer (ETL), also serves as the hole blocking layer, is a key
component in high efficiency planar perovskite solar cells. It needs
to be highly transparent across the solar spectrum (at least in most of
visible region) and to offer good electron extraction ability, low
carrier transfer resistance and an energy level matching the
conduction band of the perovskite material. A few ETLs have been
developed for high efficiency perovskite cells, most notably TiO,,
ZnO, mesoscopic ZrO, and Al,O3.2% Even though high initial cell
efficiency has been made using the ZnO ETL without high
temperature sintering, but its stability is very poor.?* With the
mesoscopic ZrO, and Al,O3 ETLs, the resultant solar cells exhibits
good stability in ambient air under full sunlight, unfortunately, these
materials required high-temperature sintering, and their insulating
properties result in large resistance for the electrons generated in
absorber layer to transfer to the ETL and then to the cathode,
consequently reduced short-circuit current density (Jic).22%
Anatase-TiO, (an-TiO,;) has been successfully used,
unfortunately, there are two major challenges: (i) The TiO, films are
usually deposited using spray pyrolysis or spin coating
techniques,?*? requiring a high-temperature sintering (> 450 <C) to
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achieve relatively dense structure and meanwhile the amorphous
oxide layer transforms into the crystalline anatase.?2® Obviously,
this high temperature process is not compatible with common
polymeric substrates and complicates the fabrication. A few
advanced deposition techniques have therefore been developed, e.g.
atomic layer deposition, sol-gel, microwave sintering, high-pressure
pressing and electro-deposition,®33 regrettably, the performance is
still lower than that using traditional high-temperature TiO,. (ii)
Even though there are indeed reports on high PCE perovskite cells
using an-TiO, ETLs,** the Fermi level of the an-TiO, about -4.0
eV, is likely so close to the conduction band of the perovskite
material that the difference is too small to facilitate effective electron
injection from the absorber layer and therefore limiting the solar cell
performance.® It is critical to explore the possibility of fabricating
ETLs with suitable Fermi level at low temperature.

In this work, we report our development of a dense amorphous
TiO, (am-TiO,) film at room temperature. The am-TiO, film is
highly transparent across the solar spectrum. It is found to offer
improved electron injection and reduced transfer resistance at the
cathode interface. Besides, the Fermi level of the am-TiO, film
matches well with the conduction band of the perovskite material.
Using the am-TiO, film, we have fabricated flexible planar
perovskite solar cells with efficiency as high as 15.07%, on
respectably large area >10 mm? significantly higher than the best
record reported to date (~12.2%).%%3" Moreover, the rigid perovskite
solar cells were fabricated using the am-TiO, ETL based on glass/
fluorine-doped tin oxide (FTO) substrates, with maximum efficiency
of 16.22% and average PCE is 15.64%, higher than that using the
an-TiO, (15.35%) ETL prepared with same process condition.

The device structure for this study is illustrated in Fig. 1a. The
transparent electrode, either FTO or indium tin oxid (ITO) is used as
the bottom cathode, and the 2,2',7,7"-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD)/Au
bilayer as the top anode. The homogeneous CH;NH3Pbl,Cl, layer
was deposited as absorber layer with full coverage on different
substrates (Fig. S1). The process details are given in the supporting
information. In brief, the PbClI, film (Fig S2) was deposited using a
thermal evaporation system. It was then placed onto a layer of
CH3NH;3l powder. Upon a heat treatment at 150 ‘C for 20 min, the
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perovskite is formed. Five diffraction peaks in X-ray diffraction
(XRD) patterns, centred at 14.15< 28.48< 31.92< 43.24<and 60.90<
are assigned to (110), (220), (310), (330) and (440) diffractions,®
respectively (Fig. S3). The TiO, film is employed as ETL in the
perovskite solar cell.
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Fig. 1. (a) The device structure of the planar perovskite solar cell. (b)
HRTEM image and electron diffraction pattern (inset) of the as-
deposited TiO, film. (c) GI-WAXS spectra of the as-deposited TiO,
films and the FTO/TiO, annealed at 500 ‘C for 30 min. (d) Energy
level diagram of the components of the perovskite solar cell with an-
TiO, or am-TiO, as ETL. (e) Optical transmission spectra of the
FTO, FTO/an-TiO, and FTO/am-TiO, films.

Fig. 1b shows the high resolution transmission electron
microscopy (HRTEM) image and electron diffraction pattern of the
as-deposited TiO; film. There is no sign of crystalline grains in the
image. Meanwhile, the electron diffraction pattern of the as-
deposited TiO, film shows only diffused background with no
distinctive bright spots that can be assigned to crystal planes. In
addition, Fig. 1c displays the grazing-incidence wide-angle X-ray
scattering (GI-WAXS) data of the as-deposited TiO, on FTO and the
film after annealing at 500 ‘C for 30 min. For the best sensitivity, the
10 keV X-ray beam was incident at a grazing angle of 1=from the
sample. It appears that the as-deposited TiO, film on the FTO gives
no additional peaks beyond what already existed from the substrate,
indicating that the as-deposited TiO, film is amorphous. However,
after being annealed at 500 ‘C for 30 min, additional peaks show up
at 25.37< 48.12< 53.97<and 62.74< corresponding to the (101),
(200), (105) and (204) diffractions from an-TiO, phase.***° It is clear,
based on the HRTEM, electron diffraction and GI-WAXS, that the
as-deposited TiO; film is indeed amorphous.

The Fermi levels of the TiO, films in different forms were
measured by Kelvin Probe Force Microscopy (KPFM). Fig. 1d
displays the energy level diagram of materials in the perovskite solar
cells. The Fermi level of the am-TiO, film is -4.15 eV, slightly
deeper than -4.01 eV for the an-TiO, film (Fig. S4). The neutral
oxygen vacancies can be formed during preparation of the am-TiO,
films by DC magnetron sputtering. Such oxygen vacancies produce
occupied impurity density of states above the valence band.** The
conduction band and valence band drop and the Fermi level is
shifted down to the valence band,**? leading to the deeper Fermi
level (-4.15 eV) in am-TiO,. The oxygen vacancies are filled by
oxygen in the ambient after thermal annealing,*** yielding a Fermi
level of -4.01 eV in an-TiO,. Consequently, the electrons can be
more easily injected into the am-TiO, film from the absorber layer
due to the relative large disruption in energy levels between the
conduction band of perovskite material and the Fermi level of ETL.
The scanning electron microscopy (SEM) and atom force
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microscopy (AFM) images of the an-TiO, and am-TiO, films are
shown in Fig. S5. The morphology of an-TiO, films is similar to that
of am-TiO, films on the FTO substrate. The surface root-mean-
square (RMS) roughness decreases from 13.93 nm to ca. 12.7 nm
when the FTO was covered by the TiO, film. The smoother surface
is believed to be beneficial to electric contact between the perovskite
film and the ETL. Fig. 1e reveals the optical transmission spectra of
the FTO, FTO/an-TiO, and FTO/am-TiO, films. Both an-TiO, and
am-TiO, films on the FTO show high transmittance > 78% in
average in the wavelength range 400-800 nm, allowing maximum
photo flux to reach the absorber layer for photon-generated carriers.

The excellent performance inspired us to fabricate flexible
perovskite solar cells using the am-TiO, ETLs on flexible
poly(ethylene terephthalate) (PET)/ITO substrates. Fig. 2a illustrates
a photograph of a flexible perovskite solar cell using the am-TiO,
ETL on flexible PET/ITO substrate. Fig. 2b shows the current-
density voltage (J-V) curves of the perovskite solar cells using both
flexible PET/ITO and rigid glass/ITO substrates. The key J-V
parameters of the devices are summarized in Table 1. The rigid
device exhibits the Jg, of 21.68 mA cm™, open-circuit voltage (V)
of 1.03 V and fill factor (FF) of 0.72, giving the PCE of 16.08%. The
PCE of the flexible perovskite solar cell is 15.07% with a J,. = 20.90
mA cm?, Vo, = 1.03 V and FF = 0.70. It is worthwhile to note that
the PCE on large area >10 mm? is higher than the best efficiency
reported up to date for the flexible perovskite cells.®*="#34¢ A careful
study shows that the slightly lower PCE comparing to that of the
rigid device is due to the decreased Js. and FF, likely caused by the
higher series resistance and lower transmittance of the PET/ITO
substrate in short wavelength spectrum (Fig. S6). Fig. 2c confirms
that the photon-to-electron conversion efficiency (IPCE) of the
flexible device is indeed slightly smaller than that of the rigid cell.
The performance of the flexible device does not degrade even after
mechanical bending towards about 65<for 100 times, as shown in
Fig. 2b, indicating that the flexible devices show good mechanical
stability. To further confirm the reproducibility of the flexible
perovskite solar cells, 15 individual devices were fabricated and their
J-V characteristics analyzed. The PCE distribution histogram is
shown in Fig. 2d, demonstrating very good reproducibility with
limited variation (see Table S1 for detailed statistics).
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Fig. 2. (a) A photograph of a flexible perovskite solar cell. (b) J-V
curves of the rigid and flexible devices with am-TiO, as ETLs and
the flexible device before and after 100 bending cycles. (c) IPCE
curves of the rigid and flexible perovskite solar cells. (d) The PCE
distribution histogram of the flexible perovskite solar cells.
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Table 1. The parameters of the perovskite solar cells without and
with different ETLs.

Substrate/ETL Js (MA cm™) Vo (V) FF PCE (%)
Glass/ITO/am-TiO, 21.68 1.03 0.72 16.08
PET/ITO/am-TiO, 20.90 1.03 0.70 15.07
Glass/FTO w/o 16.29 0.89 0.50 7.25
Glass/FTO/an-TiO, 20.90#0.80  1.08%0.01 0.68#0.01 15.3540.43
Champion device 21.67 1.08 0.69 16.10
Glass/FTO/am-TiO, 21.6040.32 1.02#40.01 0.71#0.01 15.64#0.25
Champion device 21.87 1.03 0.72 16.22

To study the impact of the an-TiO, and am-TiO, on device
performance, the planar perovskite solar cells were fabricated using
glass/FTO substrates. Note that the ITO was not chosen for it would
suffer great performance drop at the high temperature to form
crystalline anatase. Fig. 3a displays the J-V curves of the devices
under AM 1.5G illumination at 100 mW cm?. Photovoltaic
parameters including Jg, Vo, FF and PCE are summarized in Table
1. The control device without the ETL gives a J,; = 16.29 mA cm™?,
Vo = 0.89 V, and FF = 0.50, resulting in a PCE = 7.25%. The
inferior performance of perovskite solar cells without the ETL is
attributed to serious recombination caused by the direct contact
between the absorber layer and the cathode. It is found that the Jg
increased with the deeper Fermi level of the ETL, from 20.90 mA
cm for an-TiO, to 21.60 mA cm for the am-TiO,. Fig. 3b shows
the comparison of the IPCE of the perovskite solar cells with and
without ETLs. It is believed that the relatively high IPCE and Js are
due to the better property including high transmittance, suitable
energy level and smooth surface of the am-TiO, ETL which allows
more efficient electron transfer from the perovskite materials.
Comparing to the am-TiO, ETL, the FF is decreased from 0.71 to
0.68 with the an-TiO, ETL. The V. is decreased to 1.02 VV when
using the am-TiO,, comparing to 1.08 V for the an-TiO,. According
to previous reports, the V. is determined by the difference between
the Fermi level of ETL and hole transport layer (HTL).*4" As the
difference for the am-TiO, is smaller than that of the an-TiO,, as
shown in Fig. 1b, the smaller V. for the am-TiO, ETL is expected.
However, the average PCE of the devices based on am-TiO, ETLs
increased to 15.64% from 15.35% for the an-TiO, with the improved
Jsc and FF, regardless of the reduced V. To further confirm the
reproducibility of the perovskite solar cells based on different ETLs,
15 individual devices were fabricated and analyzed. The PCE
distribution histograms are shown in Fig. S7, validate that the PCE is
highly reproducible with little variation (listed in Table S1). The best
PCE is as high as 16.22% (J:=21.87 mA cm?, V,:=1.03 V FF=0.72),
as shown in Fig. 3c and Table 1. Note that the perovskite solar cell
based on the an-TiO, shows a lower champion PCE of 16.10% (Fig.
3d and Table 1). Meanwhile, Fig. 3c and 3d displays the effect of
scanning condition, including both reverse and forward scan
directions, on the J-V characteristics of the champion perovskite
solar cell using different ETLs. Note that the scan rate used was 0.2
V s It is believed that the hysteresis may be originated from the
defects within the perovskite layer.*> To obtain a more reliable
PCE, Fig. 3e and 3f shows the photocurrent density and PCE of the
champion devices using an-TiO, and am-TiO, ETLs measured as a
function of time at a forward bias set at their respective V,, (voltage
at the maximum power point in the J-V curve, in this case 0.78 V for
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an-TiO, and 0.76 V for am-TiO,). The PCE of the champion device
using am-TiO, is 15.73%, while that of the an-TiO, is 15.53%, over
100 s measurement window. These values are very close to the PCE
obtained from the reverse scan for the J-V measurement.
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Fig. 3. (a) J-V characteristics of the perovskite solar cells without or
with various ETLs under AM 1.5G irradiation at 100 mW cm. (b)
IPCE curves of the perovskite solar cells without or with various
ETLs. J-V curves including reverse and forward scan directions of
the champion devices based on (c) an-TiO, ETL and (d) am-TiO,
ETLs. Photocurrent density and PCE measured as a function of time
for the same cells biased at 0.78 V for (e) an-TiO, and 0.76 V for (f)
am-TiO,. The cells were kept in the dark under open-circuit prior to
the measurement.

The steady state photoluminescence (PL) measurements can
reveal the photo-induced charge transfer and charge recombination
loss. Fig. 4a shows the PL spectra of the glass/perovskite, an-
TiO,/perovskite and am-TiO,/perovskite films. The glass/perovskite
film has the highest PL intensity, indicating the serious
recombination in the perovskite film. The PL intensity of am-
TiOy/perovskite film is weaker comparing to that of an-
TiO,/perovskite film, indicating that the charge transfer effectively
occurred before the carrier recombination at interface and that the
am-TiO, ETL improves electron extraction from the absorber layer.
To gain more insight into the fundamental reason why the am-TiO,
ETL is better than the an-TiO, for the perovskite solar cells, time-
resolved photoluminescence (TRPL) spectroscopy was measured
using the time-correlated single photon counting (TCSPC) method at
a fixed acquisition time. Fig. 4b displays the TRPL spectra of
different substrates in perovskite layers. The PL decay time and
amplitudes are obtained using an exponential Eq. (1)

fO) =Y Aept/m)+K  (O)

where A; is the decay amplitude, 7; is the decay time and K is a
constant for the base-line offset.

To understand the recombination mechanism of the perovskite
thin films on different substrates, the recombination kinetics was
modelled over a range of excitation intensities using the following

Eq. (2)
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where n is the photogenerated excess carrier density and t is the
time.525% The physical interpretations of these three terms are (i) the
first-order decay rate is due to the trap-mediated (Shockley—Hall-
Read) recombination at low injection condition; (ii) the second-order
decay rate is due to the non-geminate/free carrier recombination at
high injection; and (iii) the third order decay rate is for the Auger
recombination. The glass/perovskite data are collected without
injection, hence the strong second-order decay rate from Eq. (2) is
negligible. When TiOy/perovskite is analyzed, the tremendous
second-order decay rate is observed for the photogenerated carrier
easy injection from perovskite to the TiO, ETL. Based on the above
analysis, the PL decay time of glass/perovskite obtained by single-
exponential model, and bi-exponential function is used to fit the PL
decay time of perovskite coated on TiO,. Parameters of the TRPL
data based on glass/perovskite, an-TiO,/perovskite and am-
TiO,/perovskite are listed in Table S2. For the glass/perovskite
sample, the PL decay time is 20.98 ns, consistent with previous
reports.* The long decay time is essential for long exciton diffusion
length and low density of defects in the perovskite thin film.**** The
PL decay time of an-TiO,/perovskite are t,=17.34 ns and 1,= 4.71 ns,
the corresponding amplitudes are 25.27% and 74.73%, respectively.
For the am-TiO,/perovskite, the 1; and 1, drop to 12.68 ns and 1.66
ns. Compared to the an-TiO,/perovskite sample, the amplitude of the
relatively long decay time is sharply reduced to 4.68%, while the
corresponding amplitude to the fast decay time increased to 95.32%.
The average recombination lifetime (ta,) are estimated with the T;
and A; values from the fitted curve data (Table S2) using the Eq.
(3).55

Z:Aiz'i2
ZAiTi @

Comparing to the glass/perovskite sample, the PL decay time is
significantly reduced when the perovskite film is coated on TiO,
ETLs. The average decay time using the an-TiO, ETL decreased to
11.72 ns. It further drops to 4.68 ns when the am-TiO, ETL is used.
demonstrating that the electrons transfer faster from the perovskite
film to am-TiO, ETL, comparing to the an-TiO, ETL, as witnessed
by stronger steady state PL quenching in the am-TiO,/perovskite
sample (Fig. 4a). It is apparent that the electrons can efficient
transfer from the perovskite absorber layer into am-TiO, due to
relative larger disruption in energy levels between the conduction
band of perovskite materials and the Fermi level of the am-TiO,
ETL.

Assuming that both radiative and non-radiative decay processes
of perovskite are associated with TiO, ETL, the observed fast
lifetime can be correlated to the rate for interfacial electron transfer

by Eq. (4)

Tave =

1 1

4)
Tads  Tun

where ke, is the specific rate constant for the charge injection process,
Togs 1S emission lifetime for the TiO,/perovskite, t,, is emission
lifetime for the pristine perovskite film. It turned out that the electron
injection rate from perovskite to am-TiO, is 1.66> 10® s, an order
of magnitude faster than that for the an-TiO, (3.77 < 10"s}) (Table
S2), demonstrating that the efficient electron transfer from the
perovskite to am-TiO, ETL.

As the faster electron injection rate from perovskite to the am-
TiO, ETL is beneficial to the charge separation at the
perovskite/ETL interface, it is expected that charge recombination
would be effectively suppressed, leading to higher J and FF in
device performance.

Ket =
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Fig. 4. (a) Steady state PL spectra of the glass/perovskite, FTO/an-
TiOy/perovskite and FTO/am-TiO,/perovskite films. (b) PL decay
profiles of different substrates in perovskite layers. (c) Nyquist plot
of perovskite solar cells with and without ETLs with the upper-right
inset showing the EIS zoomed in to the high-frequency region.

Furthermore, electrical impedance spectroscopy (EIS) is used to
study the interface charge tranport in the perovskite solar cells.> The
ETLs can forcefully reduce the transfer resistance between the FTO
and the perovskite films, as shown in Fig. 4c. The Nyquist plots of
the devices were measured at 0.80 V in dark and the equivalent
circuit model for the perovskite solar cells is shown in Fig. S8. The
fitted equivalent circuit model is composed of series resistance (Rs),
two components for transfer resistance (Ry) at the ETL/perovskite
and the perovskite/HTL interfaces, and recombination resistance
(Rrec) forming a parallel circuit with capacitors (Cy, and Cye). The Ry,
is ascribed to high-frequency arc and the R assigned to low-
frequency arc. Given that the perovskite/HTL interface is identical in
all cases, the Ry is mainly associated with the TiO,/perovskite
interface, hence its value reflects the electron extraction/transport

This journal is © The Royal Society of Chemistry 2012
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properties at the perovskite/ETL interfaces. The parameters of the
equivalent circuit with different ETLs are summarized in Table S3.
It is clear that the device without ETL exhibits the largest R,, of 1337
Q and the smallest R, of 5303 Q, indicating poor electron transport
properties and serious carrier recombination processes, as witnessed
by the lowest J,. and V.. The Ry is found to be notably decreased to
504.1 Q for the perovskite solar cells based on the am-TiO,
comparing to 779.1 Q of that using the an-TiO, ETL (the upper-right
inset of Fig. 4c), implying more efficient extraction/transport of the
electrons at the am-TiO,/perovskite interface. Comparing to the an-
TiO, ETL, the am-TiO, ETL significantly improves electron
injection and reduces transfer resistance, resulting in increased Jg

and FF for the solar cells.

Conclusions

We have demonstrated an effective am-TiO, ETL prepared at room
temperature for the perovskite solar cells. The PCE for the flexible
perovskite solar cell is raised to as high as 15.07% using the am-
TiO, ETL. The good performance of the perovskite solar cells based
on am-TiO, ETLs is attributed to improved electron injection and
reduced transfer resistance. Fabrication of the am-TiO, film at room
temperature makes it possible to develop interfaces of perovskite
solar cells and offers potential application in other photoelectronic
device.
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High Efficiency Flexible Perovskite Solar Cells using Superior Low Temperature TiO,

15.07% efficiency for flexible perovskite solar cell achieved using low temperature TiO,.

Room-Temperature

Flexible PCE£45.07%

Rigid, PCE=16.08%

electrode
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Broader Context

All high efficiency perovskite solar cells reported so far used high temperature (~500 °C) sintering to prepare metal oxides for electron
transport layers. The high temperature treatment complicates the fabrication process, even worse, it excludes possibilities to make flexible
cells using common polymeric substrates. It has been a challenge to fabricate an effective metal oxide electron transport layer for the flexible
perovskite solar cell. In this work, we developed a process to fabricate very dense amorphous TiO, coating using DC magnetron sputtering at
room temperature. It is found that the low temperature TiO, is amorphous in nature. It performs better in electron injection, hence reducing
transfer resistance. The time-resolved photoluminescence spectroscopy shows that electrons transfer faster from the perovskite film to the
amorphous-TiO, ETL than to the anatase-TiO,, leading to strong steady state PL quenching in the FTO/ amorphous-TiO,/perovskite films.
The electrical impedance spectroscopy shows that the resistance is smaller for the amorphous-TiO, ETL, resulting in improved device
performance.
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